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An implantable rotary 
seal less blood pump is provided. 
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bearings and combinations 
thereof. The rotor can include a 
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shaftless. Close clearances 
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ROTARY BLO O D PUM P 

HELD OF THF TNVFNTTON 

The invention relates generally to the field of blood pumps. More 
5 specifically, the invention pertains to pumps of rotary design, suitable for 
implantation in humans. 

BACKGROIJNP OF THE TNVENTTON 

Ventricular assist devices ("VAD"), based on sealless rotary blood 

10 pumps, do not have drive shafts for the transmission of torque. Transmission of 
torque can readily be accomplished with the use of magnetic or electromagnetic 
coupling, but supporting the impeller poses challenges because of the unique 
properties of blood. 

Blood can be used for hydrodynamic support and surface lubrication 

15 in sealless rotary pumps. But, the use of blood for lubrication poses many 
challenges not encountered with conventional lubricants such as oil, graphite, etc. 
Blood is composed of cellular elements which can be adversely effected or 
destroyed by mechanical forces and heat. In addition, blood carries large 
molecules, such as proteins, enzymes and clotting precursors, which can be 

20 damaged, denatured or inactivated as a result of heat, shear, material surfaces, or 
bearing clearances found in rotary blood pumps. Also, the blood can form clots. 

Thus, the use of blood for hydrodynamic support and surface 
lubrication imposes a very narrow range of operating conditions. To avoid cell 
injury, only very low levels of shear can be produced. To avoid protein 

25 denaturation, local heats must not exceed 45 degrees C. To avoid the formation 
of clots, surfaces must be made of blood compatible materials and rapid exchange 
of blood within narrow clearances must be ensured. 
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Accordingly, it is an object of the present invention to provide a 
rotary blood pump using hydrodynamic bearings, magnet bearings, hybrid 
hydrodynamic/magnetic bearings or combinations thereof. 

It is yet a further object of the present invention to provide a rotary 
5 blood pump in which all the internal surfaces are regularly washed by fresh blood 
to prevent thrombosis from occurring. 

It is another object of the present invention to provide a rotary blood 
pump which does not subject any blood to shear forces, temperatures or materials 
that would substantially damage blood or adversely react with blood. 
10 It is another object of the present invention to provide a rotary blood 

pump in which the magnetic and hydrodynamic forces acting on the rotor provide 
sufficient support to allow elimination of the shaft. 

Other objects and advantages will become apparent as the description 

proceeds. 

15 

SUMMARY OF TFTE TNVFNTTON 

In accordance with illustrative embodiments of the present invention, 
a rotary blood pump includes a pump housing and a rotor comprising an impeller 
within the housing. In some embodiments, the rotor also includes a shaft. 

20 However, it is presently preferred to design the pump in order to eliminate the 
necessity for a shaft. 

The rotor is suspended within the housing by magnetic and 
hydrodynamic forces or a combination of magnetic and hydrodynamic forces such 
that under normal conditions there is little or no rubbing contact between the 

25 housing and the rotor. To that end, the pump is provided with hydrodynamic 
bearings, magnetic bearings, hybrid hydrodynamic/magnetic bearings and 
combinations of these types of bearings. 

-2- 
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In certain embodiments of the invention, a rotary blood pump has 
a housing and a rotor within the housing. The rotor includes an impeller and a 
shaft. A radial bearing is provided using magnets carried on the shaft and magnets 
carried on the housing. A hydrodynamic thrust bearing is defined by a gap 
5 between the impeller and the housing. A second radial bearing is defined by a gap 
between the impeller and an inward extension of the housing. The clearance in the 
gap of the second radial bearing is greater than the clearance in the hydrodynamic 
thrust bearing in order to provide for greater blood flow in this gap. 

In other embodiments of the invention, a portion of one face of the 
10 housing and a portion of one face of the impeller have complementary shaped, 
surfaces and are separated by a gap with sufficient clearance that little or no radial 
hydrodynamic support is provided. 

In other embodiments of the invention, the radial magnetic bearing 
in the area of the pump is eliminated. In certain of these embodiments, a rotary 
15 blood pump has a pump housing and a rotor within the housing. The rotor includes 
an impeller and a shaft. A hydrodynamic thrust bearing is defined by a gap 
between the impeller and the housing. A hydrodynamic radial bearing in the area 
of the impeller is defined by a gap between the impeller and an inward extension 
of the housing. 

20 In further embodiments of the invention, the rotary blood pump is 

made shaftless. In certain of these embodiments, a rotary blood pump has a pump 
housing and a rotor comprising an impeller. A hydrodynamic thrust bearing is 
defined by a gap between the impeller and the housing. A hydrodynamic radial 
bearing is defined by a gap between the impeller and an inward extension of said 

25 housing. 

In other embodiments of the invention employing a shaftless rotor, 
a magnetic radial bearing has one or more magnets carried by the impeller and one 
or more magnets carried by an inward extension of the housing. A hydrodynamic 



DOC I D: <WO O064508A 1 _l_> 



WO 00/64508 



PCT/USOO/09009 



thrust bearing is defined by a gap between the impeller and the housing. 

In certain alternative embodiments of the invention, the clearance of 
the magnetic radial bearing is reduced so that the bearing provides additional, 
hydrodynamic support. In other embodiments, the rotary pump includes more than 
5 one magnetic radial bearing each comprising one or more magnets carried by the 
impeller and one or more magnets carried by an inward extension of the housing. 

In preferred embodiments of the present invention, the magnets and 
motor stators can be offset axially, radially or both to provide forces to hold the 
rotor and its parts in proper relation to the housing, to dampen or prevent eccentric 
10 movement of the rotor, or to preload bearings to counteract hydrodynamic 
pressure. In certain of these preferred embodiments, magnets or motor stators in 
one part of the pump are offset in such a way to provide opposing forces to 
magnets or motor stators offset in another part of the pump. 

The present invention incorporates new discoveries relating to non- 
15 intuitive ways to support the rotor of a blood pump. One especially significant 
discovery relates to the improvements in the thrust bearings. It has been found that 
preloading the hydrodynamic thrust bearings by offsetting magnets or motor stators 
with approximately 1/2 to 3/4 lbs. of force, employing a large bearing surface, and 
providing for high flow through the bearing achieves substantial benefits. With 
20 these improvements, the hydrodynamic thrust bearing provides an unexpected 
amount of both axial and moment-restoring force to support the rotor in the axial 
direction and to prevent tilting and eccentric motion of the rotor. The amount of 
support and stability is so substantial that it is possible to eliminate the forward 
magnetic bearings in the area of the pump inlet, and the shaft, spindle, spoke and 
25 hub of the pump shown in U.S. Patent No. 5,840,070. Thus, the pump design 
can be simplified, the manufacturing costs can be reduced, and potentially stagnant 
areas in the pump can be eliminated. 
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Through the present invention, substantial improvements and 
benefits are also provided in the radial or journal bearings in the area of the 
impeller. The hybrid hydrodynamic/magnetic radial bearings of this invention 
allow large clearances and provide large blood flow in the journal area without 
5 resulting in anticipated increases in blood damage due to shear. It is believed that 
the magnetic force decreases the load on the bearing and, thus, decreases shear. 
Any transient loads caused by eccentric movements are counteracted by the spring 
forces in hydrodynamic thrust bearings and the hydrodynamic and magnetic forces 
in the hybrid hydrodynamic/magnetic bearings in the journal area. Again, these 
10 improvements in support for the rotor further allow for elimination of any forward 
magnetic bearings and the shaft, spindle, spoke and hub. 

Indeed, the support and restoring and stabilizing forces provided by 
the present invention are so substantial that it is deemed possible to adjust these 
forces to provide a rotor with motion that has a controlled amount of eccentricity 
15 radially, axially or both. If the motion of the rotor is not perfectly circular, further 
increases in the exchange of blood in the bearings can be achieved. 

A more detailed explanation of the invention is provided in the 
following description and claims, and is illustrated in the accompanying drawings. 

20 BRIEF DESCRIPTION O F THE DRAWINGS 

Fig. 1 is a left front perspective of an illustrative embodiment of the 
blood pump of the present invention; 

Fig. 2 is a simplified, fragmentary, representation of a human heart, 
showing the pump implanted within the left ventricle of the heart; 
25 Fig. 3 is a longitudinal, cross-sectional view of a simplified, 

schematic representation of an illustrative embodiment of the pump; 

Fig. 3A is an enlarged view of the circled portion 3A from Fig. 3; 
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Fig. 4 is a cross-sectional end view of the Fig. 3 pump with the end 
of the housing removed for clarity; 

Fig. 5 is a perspective view, partially broken for clarity, of the blood 
pump of Fig. 3; 

5 Fig. 5A is a perspective view of a portion of Fig. 5, showing the 

slotted motor stator; 

Fig. 5B is a perspective view, similar to Fig. 5A but showing a 
slotless motor stator; 

Fig. 6 is another perspective view, partially broken for clarity, of 
10 the blood pump of Fig. 3; 

Fig. 7 is a longitudinal, cross-sectional view of another embodiment 

of the pump; 

Fig. 7A is an enlarged view of the circled portion 7A of Fig. 7. 
Fig. 8 is a longitudinal, cross-sectional view of another embodiment 

15 of the pump; 

Fig. 8 A is an enlarged view of the circled portion 8 A of Fig. 8; 
Fig. 9 is a longitudinal, cross-sectional view of another embodiment 

of the pump; 

Fig. 9 A is an enlarged view of the circled portion 9 A of Fig. 9; 
20 Fig. 10 is a longitudinal, cross-sectional view of another 

embodiment of the pump; 

Fig. 10A is an enlarged view of the circled portion 10A of Fig. 10; 
Fig. 11 is a longitudinal, cross-sectional view of another 
embodiment of the pump; 
2 5 Fig. 1 1 A is an enlarged view of the circled portion 1 1 A of Fig. 1 1 ; 

Fig. 12 is a longitudinal, cross-sectional view of another 
embodiment of the pump; 

Fig. 12A is an enlarged view of the circled portion 12A of Fig. 12; 
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Fig. 13 is a longitudinal, cross-sectional view of another 
embodiment of the pump; 

Fig. 13A is an enlarged view of the circled portion 13A of Fig. 13; 
Fig. 14 is a front, perspective view of a rotor having a shaft and an 

5 impeller; 

Fig. 15 is an end view of a rotor having a shaft and an impeller; and 
Fig. 16 is an enlarged fragmentary view of the end of the impeller. 

PET AT T /EP DESCRIPTION OF II^LUSTR ATTVE EMBODT1URNTS 
10 The illustrative embodiments of this invention represent presently 

preferred improvements and advances over the devices described and claimed in 
U.S. Patent No. 5,840,070 issued November 24, 1998. Although the entire 
disclosure of U.S. Patent No. 5,840,070 is hereby incorporated by reference 
herein, certain portions of that disclosure will be repeated below in order to aid in 
15 understanding the description of the preferred embodiments of the present 
invention. 

Referring to Fig. 1 of the drawings, a rotary blood pump 10 includes 
a housing having an elongated inlet tube 12 and an impeller casing or volute 14. 
A discharge tube 16 extends through the housing to communicate with the interior 

20 of impeller casing 14. Discharge tube 16 has a tangential orientation. 

A presently preferred arrangement for the anatomical placement of 
the pump 10 is shown in Fig. 2. The simplified representation of a heart 18 
includes a left ventricle 20 and an aorta 22. The inlet tube 12 serves as the inflow 
cannula and is placed into the apex of the left ventricle 20. An arterial vascular 

25 graft 24 is connected on one end to discharge tube 16 and on the other end of the 
aorta 22 through an end to side anastomosis. The pump 10 is connected by means 
of insulated cable 26 to a controller 28 and a power supply 30. It is contemplated 
that controller 28 and power supply 30 may be worn externally or, alternatively, 

-7- 
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may be implanted. Rather than using wires, transcutaneous controller and power 
transmission could be used. 

Referring to Figs. 3, 3A, 4, 5 and 6, pump rotor 32 includes an 
elongated, cylindrical support shaft or spindle 34 attached to impeller 36. The 
5 rotor 32 is mounted for rotation about an longitudinal axis which extends both 
through shaft 34 and impeller 36. 

This embodiment includes a forward magnetic bearing 38. The 
forward magnetic bearing 38 includes a plurality of rings of axially polarized 
permanent magnets 40 carried on the inlet tube 12 of the housing and a plurality 
10 of rings of axially polarized, disc-shaped, permanent magnets 42 carried on the 
shaft 34 of the rotor 32. 

In the Figs. 3-6 embodiment, a first motor stator 44 comprising 
conductive coils or motor windings 46 is located at the rear of casing 14. A ring 
of backiron 48 is located behind windings 46. First motor stator 44 and backiron 
15 48 are fixed between outside wall of the housing 50 and the inside wall of the 
housing 52. 

A second motor stator 54 comprising windings 56 is positioned on 
the forward side of casing 14. Windings 56 are fixed to the inside wall of housing 
52 of the impeller casing 14 and a ring of backiron 58 is positioned forward of 

20 windings 56. As illustrated in Figs. 5, 5 A and 6, backiron 48 and backiron 58 
have teeth 60 which extend into the stator windings to form the stator iron. Thus 
the windings 56 wrap around the teeth 60 in the intervening slots 62 (See Fig. 5A). 
In the Fig. 5B embodiment, a slotless motor stator is illustrated. In that 
embodiment, the windings 46 are fixed to the backiron 48 and there are no teeth 

25 extending into the stator windings. 

It can be seen that the motor stators 44 and 54 are placed on opposite 
sides of casing 14 such that each is adjacent to the pole faces of the motor rotor 
magnets 64. Backiron 48 and backiron 58 serve to complete a magnetic circuit. 
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The windings 46 and 56 of the stators 44, 54 can be in series or each stator 44, 54 
can be commutated independent of the other. There are several advantages to this 
approach. 

First, as long as the pole faces of the motor rotor magnets are 
5 centered between the faces of the motor stators, the net axial force will be relatively 
low. 

Second, the radial restoring force which results from the attractive 
force of the motor rotor magnets to the motor stators will be nearly twice as large 
as the restoring force with only one stator. The total volume and weight of the 
10 motor will be smaller than a single stator design. 

Third, the dual stator design is adapted to provide system 
redundancy for a fail safe mode, since each stator can be made to operate 
independently of the other in the case of a system failure. 

Fourth, hydrodynamic bearings can be located on the surface of the 
15 impeller to constrain axial motion and to provide radial support in the case of 
eccentric motion or shock on the device. Referring to Figures 3 and 3a in 
particular, hydrodynamic bearings in the form of raised pads 66, 68 and contact 
surfaces 70 and 72 are illustrated. Such hydrodynamic bearings are symmetrically 
located about the impeller as illustrated in Figure 5 in which raised pads 66 are 
20 shown. 

The raised pads could be rectangularly-shaped or wedge-shaped and 
are preferably formed of hardened or wear resistant materials such as ceramics, 
diamond coatings or titanium nitride. Alternatively, the raised pads may be formed 
of a different material having an alumina or other ceramic coating or insert. 
25 The raised pads are carried by either the impeller or the casing, or 

an attachment to the casing. In the Figures 3 and 3a embodiment, the raised pads 
66 are carried by the impeller and the raised pads 68 are carried by a cup-shaped 
member 74 that is fastened to the casing in the journal area of the pump. Cup- 

-9- 
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shaped member 74 is utilized as a reinforcement for the casing which would not be 
structurally stable enough to carry the raised pads itself. 

The hydrodynamic bearings are formed by a raised pad spaced from 
a contact surface by the blood gap. Although at rest there may be contact between 
5 the impeller and the casing, once rotation begins each hydrodynamic bearing is 
structured so that, during relative movement between the raised pad and the contact 
surface, the hydrodynamic action of the fluid film produces increased pressure 
within the bearing gap which forces the raised pad and the contact surface apart. 

Depending upon the location of the hydrodynamic bearings, they can 

10 aid in axial support, radial support or both axial and radial support. For example, 
if the bearings are perpendicular to the rotational axis, they aid primarily in axial 
support but if they are at an angle with respect to the rotational axis, they aid in 
both radial and axial support. In the embodiment of Figures 3-6, the hydrodynamic 
bearings are positioned outside the axis of rotation, as illustrated. 

15 Referring to Fig. 4 an impeller 36 is shown therein having a number 

of blade sectors 76, 78 and 80. Blade sectors 76 and 78 are separated by slot 82; 
blade sectors 78 and 80 are separated by slot 84; and blade sectors 80 and 76 are 
separated by slot 86. By utilizing blade sectors 76, 78 and 80 that are relatively 
thick in the axial direction, narrow and deep impeller blood flow paths are formed 

20 by slots 82, 84 and 86 between the adjacent edges of the blade sectors. By 
increasing the thickness of the blade sectors and narrowing the blood passageway, 
the ratio between the area of working surface of the blades and the volume of the 
passageway is increased. Also the average distance of the liquid in the passageway 
from the working surface of the blades is decreased. Both of these beneficial 

25 results allow a small pump for blood which has less blades for potentially damaging 
blood, yet the small pump maintains acceptable efficiency. Another benefit of the 
thick impeller is the ability to utilize magnetic pieces 88 that are inserted in a 
manner enabling the stators to be on opposite sides of the impeller. 

-10- 
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Another embodiment of the blood pump 10 is shown in Figs. 7 and 
7A. This embodiment includes forward magnetic bearing 38 including a plurality 
of magnets 40 carried on the inlet tube 12 of the housing and a plurality of magnets 
42 carried on the shaft 34. As best shown in Fig. 7A, this embodiment includes 
5 at least one hydrodynamic thrust bearing defined by a gap 88 between the impeller 
36 and the housing. This embodiment also includes at least one radial bearing 
defined by a gap 90 between the impeller 36 and an inward extension of the 
housing in the journal area. The minimum clearance in gap 88 is about 0.0005- 
0.0015 inches and in gap 90 is about 0.006-0.020 inches. 

10 The housing includes a hard, smooth, ceramic surface 92 in the area 

of the impeller 36 which extends forward into the area of the shaft 34. The 
ceramic surface 92 prevents contact between blood and the metal parts mounted on 
the housing such as, for examplermagnets, motor coils and backirons and protects 
the housing in case of contact between the rotor and the housing. In certain 

15 embodiments, it may be preferable to make the entire housing out of ceramic or to 
make the entire outer and inner surfaces of the housing out of ceramic. 

Another embodiment of the blood pump 10 is shown in Figs. 8 and 
8 A. This embodiment differs from the embodiment of Figs. 7 and 7 A in that the 
gap 94 between complementary-shaped surfaces on a rear portion of the inside face 

20 of the housing and a portion of the rear face of the impeller 36 in the journal area 
has sufficient clearance such that this gap does not under normal operating 
conditions provide radial, hydrodynamic support. The minimum clearance in gap 
94 is at least about 0.010 inch. 

Another embodiment of the blood pump 10 is shown in Figs. 9 and 

25 9A. In this embodiment, the shaft 34 of the rotor 32 is shortened and there are no 
forward radial bearings or related magnets. In this embodiment, a hydrodynamic 
thrust bearing is defined by a gap 88 between the impeller and the housing. A 
hydrodynamic, radial bearing is defined by a gap 96 between the impeller 36 and 

-11- 



DOC ID: <WO 006450BA1_I_> 



WO 00/64508 



PCT/US00/09009 



an inward extension of the housing in the journal area. The minimum clearances 
in the gap 88 and in the gap 96 are about 0.0005-0.0015 inches. 

Another embodiment of the blood pump 10 is shown in Figs. 10 and 
10A. In this embodiment, the shaft of the rotor is eliminated. Therefore, the rotor 
5 comprising the impeller 36 is a ring. As in the embodiment of Figs. 9 and 9A, a 
hydrodynamic, thrust bearing is defined by a gap 88 between the impeller and the 
housing and a hydrodynamic, radial bearing is defined by a gap 96 between the 
impeller 36 and an inward extension of the housing in the journal area. The 
minimum clearances in gaps 88 and 96 are about 0.0005-0.0015 inches. 
10 Another embodiment of the blood pump 10 is shown in Figs. 1 1 and 

11 A. In this embodiment, the rotor is shaftless and the rotor comprises a ring- 
shaped impeller 36. A magnetic radial bearing comprises one or more magnets 98 
carried on the impeller 36 and one or more magnets 100 carried on an inward 
extension 102 of the housing in the journal area. In Fig. 11, the magnetic radial 
15 bearing and the magnets 98 and the magnets 100 are shown adjacent the rear end 
of the impeller 36. This magnetic bearing could, of course, be placed in the center 
of the impeller, adjacent the forward end of the impeller or elsewhere as long as 
radial support for the rotor is provided. The gap 104 between the impeller 36 and 
the inward extension 102 of the housing has a minimum clearance of 0.003 inch 
20 and a preferred clearance of 0.006-0.020 inches. A hydrodynamic thrust bearing 
is defined by the gap 88 with a clearance of 0.0005-0.0015 inches. 

One presently contemplated alternative to the embodiment shown in 
Figs. 1 1 and 11A has a gap with a clearance of 0.002-0.008 inches between the 
impeller 36 and the inward extension 102 of the housing in the location of gap 104. 
25 With this clearance, the gap would define a hydrodynamic, magnetic radial bearing 
in the journal area. 

Another presendy contemplated alternative to the embodiment shown 
in Figs. 11 and 11A is shown in Figs. 12 and 12A. In this embodiment, the 
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hydrodynamic bearing defined by the gap 88 is adjacent the front side (i.e., the 
direction of the pump inlet) of the impeller 36. It is believed that placement of the 
hydrodynamic bearing in this forward position could also be beneficial in the other 
embodiments shown herein. 
5 Another embodiment of the blood pump 10 is shown in Figs. 13 and 

13 A. This embodiment is shaftless and there are two magnetic radial bearings 
comprising two sets of magnets 98 carried on the impeller 36 and two sets of 
magnets 100 carried on an inward extension of the housing in the journal area. The 
gap 104 between the impeller 36 and the inward extension 102 of the housing has 
10 a minimum clearance of 0.003 inch. A hydrodynamic thrust bearing is defined by 
a gap 88 with a clearance of 0.0005-0.0015 inches. 

It should be understood that the clearances for the gaps set forth in 
this application are approximate clearances anticipated during normal operation of 
the pumps of the present invention and therefore represent minimum film 
15 thicknesses. When a pump is not running, is starting up, and other abnormal 
conditions, the clearances in the gaps will be different. When the magnets or 
motor stators are offset to provide a preload force on a bearing, there may be zero 
clearance between parts of the rotor and the housing when the pump is not running. 

Figs. 14, 15 and 16 provide details of preferred embodiments of the 
20 rotor 32 including the shaft 34 and the impeller 36 in order to show features which 
are incorporated to ensure effective movement of blood. In this particular 
embodiment, the impeller 36 has four blade sectors 106, 108, 110 and 112. The 
blade sectors 106, 108, 1 10 and 1 12 are separated by slots 114, 116, 118and 120. 
As best shown in Fig. 15, the shaft 34 includes flow passages 122, 124, 126 and 
25 128. In addition, a fluid-drive channel 130 is provided in shaft 34. The slots 122, 
124, 126, 128 and the channel 130 are designed in order to keep blood from 
stagnating and clotting in areas near and around the shaft 34. In the shaftless 
embodiments, these features would not be present and there would be a straight 
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circular bore through the center of the impeller. 

The impeller 36 includes, on the faces of its blades defining the 
hydrodynamic thrust bearing, tapered surfaces 132, 134, 136 and 138 in the end 
of each blade 106, 108, 110 and 112. The tapered surfaces 132, 134, 136 and 138 
5 are of maximum depth at leading edges of the blades and gradually decrease in 
depth. These tapered surfaces 132, 134, 136 and 138 are designed to ensure blood 
moves through the gap 88 in and feed the hydrodynamic thrust bearing created in 
this gap 88. At the periphery of the tapered surfaces 132, 134, 136 and 138, the 
impeller 36 is provided with shrouds or end walls 140 to channel blood into and 
10 through the hydrodynamic thrust bearings. 

Various specific combinations of hydrodynamic, magnetic and 
hybrid hydrodynamic/magnetic bearings have been described. It is contemplated 
that other combinations would be useful and should be considered to be within the 
scope of the invention. 
15 Although illustrative embodiments of the invention have been shown 

and described, it is to be understood that various modifications and substitutions 
may be made by those skilled in the art without departing from the novel spirit and 
scope of the present invention. 
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WH A T IS CLAI ME P IS : 

1. A rotary blood pump comprising: 
a pump housing; 

5 a rotor within said housing and comprising an impeller and a shaft; 

a radial bearing comprising magnets carried on said shaft and magnets carried 
on said housing; 

at least one hydrodynamic thrust bearing defined by a gap between the impeller 
and the housing; and 

10 at least one radial bearing defined by a gap between the impeller and an inward 
extension of said housing with greater clearance than the clearance of said 
hydrodynamic thrust bearing. 

2. The rotary blood pump of claim 1 wherein the minimum clearance 
15 in the gap defining the hydrodynamic thrust bearing is about 0.0005-0.0015 inches. 

3. The rotary blood pump of claim 2 wherein the minimum clearance 
in the gap defining the radial bearing is about 0.006-0.020 inches. 

20 

4. The rotary blood pump of claim 1 wherein said magnets carried 
on said shaft and said magnets carried on said housing comprising said radial 
bearing are axially offset with respect to each other. 

25 5. The rotary blood pump of claim 1 further comprising one or more 

magnets and one or more motor stators which are offset with respect to each other. 
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6. The rotary blood pump of claim 1 wherein said magnets carried 
on said shaft and said magnets carried on said housing comprising said radial 
bearing are offset with respect to each other and wherein one or more magnets and 
one or more motor stators are offset with respect to each other in order to provide 

5 opposing forces. 

7. A rotary blood pump comprising: 
a pump housing; 

a rotor within said housing and comprising an impeller and a shaft: 
10 a radial bearing comprising magnets carried on said shaft and magnets carried 
on said housing; 

at least one hydrodynamic thrust bearing defined by a gap between the impeller 
and the housing; and 

wherein at least a portion of one face of the housing and at least a portion of one 
15 face of the impeller comprise complementary shaped surfaces defining a gap with 
sufficient clearance such that said gap does not provide radial hydrodynamic 
support. 

8. The rotary blood pump of claim 7 wherein the minimum clearance 
20 in the gap defining the hydrodynamic thrust bearing is about 0.0005-0.0015 inches. 

9. The rotary blood pump of claim 7 wherein the minimum clearance 
in the gap defining said complementary surfaces is about 0.006-0.020 inches. 

25 10. The rotary blood pump of claim 7 wherein the minimum 

clearance in the gap defining said complementary surfaces is at least about 0.010 
inch. 
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11. The rotary blood pump of claim 7 wherein said magnets carried 
on said shaft and said magnets carried on said housing comprising said radial 
bearing are axially offset with respect to each other. 

5 12. The rotary blood pump of claim 7 further comprising one or 

more magnets and one or more motor stators which are offset with respect to each 
other. 

13. The rotary blood pump of claim 7 wherein said magnets carried 
10 on said shaft and said magnets carried on said housing comprising said radial 
bearing are offset with respect to each other and wherein the one more magnets and 
one or more motor stators are offset with respect to each other to provide opposing 
forces. 

15 14. A rotary blood pump comprising: 

a pump housing; 

a rotor within said housing and comprising an impeller and a shaft; 
at least one hydrodynamic thrust bearing defined by a gap between the impeller 
and the housing; and 

20 at least one hydrodynamic radial bearing defined by a gap between the impeller 
and an inward extension of said housing. 

15. The rotary blood pump of claim 13 wherein the minimum 
clearance in the gap defining the hydrodynamic thrust bearing is about 0.0005- 
25 0.0015 inches. 
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16. The rotary blood pump of claim 13 wherein the minimum 
clearance in the gap defining the hydrodynamic radial bearing is about 0.0005- 
0.0015 inches. 

5 17. The rotary blood pump of claim 13 further comprising one or 

more magnets and one or more motor stators which are offset with respect to each 
other. 

18. A shaftless rotary blood pump comprising: 
10 a pump housing; 

a rotor comprising an impeller; 

at least one hydrodynamic thrust bearing defined by a gap between the impeller 
and the housing; and 

at least one hydrodynamic radial bearing defined by a gap between the impeller 
15 and an inward extension of said housing. 

19. The shaftless rotary blood pump of claim 18 wherein the 
minimum clearance in the gap defining the hydrodynamic thrust bearing is about 
0.0005-0.0015 inches. 

20 

20. The shaftless rotary blood pump of claim 18 wherein the 
minimum clearance in the gap defining the hydrodynamic radial bearing is about 
0.0005-0.0015 inches. 

25 21. The shaftless rotary blood pump of claim 18 further comprising 

one or more magnets and one or more motor stators which are offset with respect 
to each other. 
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22. A shaftless rotary blood pump comprising: 
a pump housing; 
a rotor comprising an impeller; 

at least one magnetic radial bearing comprising one or more magnets carried by 
5 said impeller and one or more magnets carried by an inward extension of said 
housing; and 

at least one hydrodynamic thrust bearing defined by a gap between the impeller 
and the housing. 

10 23. The shaftless rotary blood pump of claim 22 wherein the 

minimum clearance in the gap defining said magnetic radial bearing is about 0.003 
inch. 



24. The shaftless rotary blood pump of claim 22 wherein the 
15 minimum clearance in the gap defining said magnetic radial bearing is about 0.006- 

0.020 inches. 

25. The shaftless rotary blood pump of claim 22 wherein the 
minimum clearance in the gap defining said hydrodynamic thrust bearing is about 

20 0.0005-0.0015 inches. 

26. The shaftless rotary blood pump of claim 22 further comprising 
one or more magnets and one or more motor stators which are offset with respect 
to each other. 



25 



27. A shaftless rotary blood pump comprising: 
a pump housing; 
a rotor comprising an impeller; 
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at least one hydrodynamic, magnetic radial bearing comprising one or more 
magnets carried by said impeller and one or more magnets carried by an inward 
extension of said housing; and 

at least one hydrodynamic thrust bearing defined by a gap between the impeller 
5 and the housing. 

28. The shaftless rotary blood pump of claim 27 wherein the 
minimum clearance in the gap defining said hydrodynamic, magnetic radial bearing 
is about 0.002-0.008 inches. 

10 

29. The shaftless rotary blood pump of claim 27 wherein the 
minimum clearance in the gap defining said hydrodynamic thrust bearing is about 
0.0005-0.0015 inches. 

15 30. The shaftless rotary blood pump of claim 27 further comprising 

one or more magnets and one or more motor stators which are offset with respect 
to each other. 

31 . A shaftless rotary blood pump comprising; 
20 a pump housing ; 

a rotor comprising an impeller; 

at least two magnetic radial bearings each comprising one or more magnets 
carried by said impeller and one or more magnets carried by an inward extension 
of said housing; and 

25 at least one hydrodynamic thrust bearing defined by a gap between the impeller 
and the housing. 
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32. The shaftless rotary blood pump of claim 31 wherein the 
minimum clearance in the gap defining said magnetic radial bearings is about 0.010 
inch. 

5 33. The shaftless rotary blood pump of claim 31 wherein the 

minimum clearance in the gap defining said hydrodynamic thrust bearing is about 
0.0005-0.0015 inches. 

34. The shaftless rotary blood pump of claim 31 further comprising 
10 one or more magnets and one or more motor stators which are offset with respect 
to each other. 
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